Cell division requires the assembly of a microtubulebased spindle which captures and segregates sister chromatids. But how is this spindle broken down once chromosome segregation is complete? New evidence implicates a highly conserved AAA-ATPase in spindle disassembly at the end of mitosis.
During the course of a cell cycle, the microtubule cytoskeleton undergoes a series of structural transformations, the most dramatic of which is the formation and subsequent disassembly of the mitotic spindle. Many recent studies have focused on defining the mechanisms that transform the long, stable interphase microtubule array into shorter dynamic microtubules, and organize these dynamic microtubules into a sorted bipolar array (reviewed in [1] ). In contrast, the mechanisms that control the disassembly of the mitotic spindle as a cell exits mitosis remain elusive. Recently, work from Cao et al. [2] has identified an important new player in the process by which cells regulate microtubule structures during mitotic exit. They have shown that a complex consisting of the AAAATPase Cdc48/p97, Ufd1 and Npl4 is required for mitotic spindle disassembly in Xenopus egg extracts and in budding yeast.
The AAA-ATPase -ATPases associated with diverse cellular activities -domain is found in a large protein family implicated in a variety of cellular functions (reviewed in [3] ). Members of this family use their ATPase activity to catalyze processes such as proteolysis (including six components of the 26S proteasome, the cell's major protein degradation machine), the disassembly of protein complexes (most famously, the NEM-sensitive factor which disassembles SNARE pairs during membrane fusion events) and the unfolding of proteins [3] . The implication of Cdc48/p97, a widely conserved AAA-ATPase, in spindle disassembly by Cao et al. [2] points to a new link between this conserved protein family and cell division.
Earlier work implicated Cdc48 in a variety of cellular functions, including the membrane fusions which occur after mitosis to reassemble the endoplasmic reticulum (ER) and Golgi apparatus, and the degradation of ERassociated proteins (see [4] ). A potential role for Cdc48 during cell division was first hinted at by its identification [5] as a mutation in budding yeast that causes a cold-sensitive phenotype in which cells arrest during mitosis at the non-permissive temperature. Recent studies have indicated that Cdc48/p97 associates with a variety of adaptor proteins which presumably target Cdc48 to different substrates (see [6] ). Two of these adaptors, Ufd1 and Npl4, form a trimeric complex with Cdc48 that functions in the pathway by which ubiquitinated proteins are targeted to, and degraded by, the 26S proteasome [4] .
To investigate the function of the Cdc48/p97-Ufd1-Npl4 complex in Xenopus egg extracts, Cao et al. [2] inhibited the complexes with a dominant-negative form of Cdc48/p97, by antibody inhibition of Ufd1, or by immunodepletion of Ufd1-Npl4 complexes. While spindle assembly appeared relatively normal in Cdc48/ p97-inhibited meiotic metaphase extracts, dramatic defects were observed in both spindle and chromosome structure upon the induction of anaphase. Chromosomes appeared to segregate, but did not decondense and form interphase nuclei. Spindles also elongated, but persisted as either half spindles or microtubule asters which remained attached to the chromosomes. Cao et al. [2] were careful to show that the inhibition of spindle disassembly in Cdc48/p97-Ufd1-Npl4-inhibited extracts was not due to problems in exiting metaphase. Cyclin B degradation and the loss of histone H1 kinase activity both occurred with normal kinetics in the perturbed extracts. They also demonstrated that purified centrosomes added to perturbed extracts exhibited similar microtubule phenotypes, and quantitative analysis revealed that individual microtubules maintained metaphase-like dynamics despite cyclin B degradation and loss of histone H1 kinase activity. This analysis rules out the possibility that the observed effects of inactivating p97-Ufd1-Npl4 complexes were an indirect consequence of the condensed chromosomes, which are known to regulate microtubule polymerization [7] .
One surprising, but unexplored, consequence of Cdc48/p97 inhibition in Xenopus egg extracts is the presence of condensed chromosomes despite the degradation of cyclin B and loss of histone H1 kinase activity. Future studies need to investigate whether these chromosomes retain markers that correlate with the condensed state, such as the condensin complex and phosphorylated histone H3. This may connect the Cdc48 complex to chromosome decondensation and the formation of interphase nuclei, another key event that occurs at the same time as spindle disassembly during the exit from mitosis in metazoans.
To strengthen their case for Cdc48-Ufd1-Npl4 complexes playing a role in spindle disassembly, Cao et al. While disrupting Cdc48 function clearly prevents complete spindle disassembly, the mechanism by which Cdc48-Ufd1-Npl4 complexes contribute to this process remains uncertain. Earlier work suggests two possibilities. First, Cdc48 may function purely as an intermediate in ubiquitin-mediated degradation to present ubiquitinated substrates to the 26S proteasome (Figure 1, bottom) . This mechanism appears to account for the role of Cdc48 in degradation of ER proteins, and is consistent with the observation that Cdc48 physically associates with both the 26S proteasome and tetra-ubiquitinated substrates [4] . Second, Cdc48 may act as a molecular chaperone that disrupts protein-protein interactions between microtubules and microtubule-associated proteins (Figure 1, top) . Such a role has been suggested from previous work on the Spt23p transcription factor, where Cdc48-Ufd1-Npl4 complexes are required to physically disassociate a processed form of Spt23p from an inactive membrane-bound form, resulting in its activation [4,9].
Either of these two mechanisms could account for the role of Cdc48 in spindle disassembly, though the established importance of ubiquitin-mediated protein degradation in cell-cycle transitions makes the first mechanism particularly appealing. The anaphase promoting complex (APC) is an E3 ubiquitin ligase that functions during mitosis to recognize and polyubiquitinate a variety of substrates, thereby targeting them for degradation by the 26S proteasome (reviewed in [10] ). Cao et al. [2] showed that Cdc48p is required for the degradation of at least two key APC substrates involved in mitotic exit in budding yeast, the polo kinase Cdc5p and the microtubule binding protein Ase1p. Coimmunoprecipitation indicated that Cdc48p physically associates with both proteins in vivo, suggesting that Cdc48p may indeed play a role in presenting these proteins to the proteasome.
Ase1p is an ideal candidate for a protein whose degradation would control spindle disassembly. In vitro, Ase1p forms a homo-dimer which is capable of cross-linking two microtubule polymers [11] . In vivo, Ase1p localizes to the midzone of anaphase spindles where it plays a role in spindle structure [11, 12] . Deletion of Ase1p results in the disassembly of mitotic spindles arrested in late mitosis [13] [14, 15] . A recent study [16] has suggested that Ipl1p and Slk19p function in a common pathway that lies downstream of the mitotic exit network, the signaling pathway that induces cells to exit mitosis. Cdc48p may also contribute to Ipl1p/Slk19p-mediated spindle disassembly by mediating degradation of Cdc5p, a component of the mitotic exit network [17] which is also stabilized in cdc48 mutants [2] .
APC
If Cdc48p does contribute to spindle disassembly in budding yeast by presenting ubiquitinated substrates to the proteasome, there must be a remarkable level of specificity in its recognition of these substrates, as Cdc48p is not strictly required for the ubiquitinmediated degradation of Clb2p, nor presumably for that of the securin Pds1p which is degraded to initiate sisterchromatid separation (though this latter possibility has not been directly tested). Defining the basis of this substrate specificity will be central to understanding how this complex is able to regulate spindle disassembly independently of mitotic exit.
In contrast to the results from budding yeast, limited analysis of the potential Cdc48/p97 targets in Xenopus egg extracts does not support a role for Cdc48/p97 in promoting ubiquitin-mediated degradation to facilitate spindle disassembly. Cao et al. found that Ufd1 physically associates with XMAP215 and TPX2 [2] , two wellstudied microtubule-associated proteins in Xenopus egg extracts. XMAP215 plays an important role in spindle structure and is capable of promoting microtubule polymerization as well as microtubule destabilization [18] . TPX2 is a prominent target of the chromosome-derived Ran GTPase pathway during spindle formation and also plays a role in targeting the Aurora A kinase to spindle poles [19] .
The association of Ufd1 with XMAP215 and TPX2 appears to occur specifically during anaphase/late mitosis, as these interactions were dramatically reduced in metaphase-arrested extracts. Treatment with a dominant-negative form of Cdc48/p97 resulted in an increased association of XMAP215, and to a lesser extent TPX2, with microtubules in late mitosis, suggesting that under normal circumstances p97-Ufd1-Npl4 complexes promote the disassociation of XMAP215 and TPX2 from microtubules. As the levels of XMAP215 and TPX2 do not change dramatically during the cell cycle, ubiquitin-mediated degradation cannot explain their potential regulation by Cdc48/p97. A molecular chaperone-like function might account for the observed effects, although a definitive test of such a mechanism will require in vitro reconstitution. Homologues of Ase1p have been identified in metazoans [20] , and it will also be essential to test if, as in budding yeast, Cdc48 controls the degradation of this class of anaphase spindle proteins.
The demonstration that Cdc48/p97 plays an important role in spindle disassembly [2] brings together two previously disparate fields. In addition to defining a new role for the Cdc48-Ufd1-Npl4 complex, this work also adds a potentially important new player to the regulation of spindle function. However, the mechanism by which Cdc48 contributes to spindle disassembly remains to be elucidated. A key future goal will be to determine which substrates of Cdc48 are important for facilitating spindle disassembly. For example, while the phenotypes associated with expression of a non-degradable form of Ase1p [13] are very similar to those described by Cao et al. [2] for cdc48 mutants in budding yeast, it is not clear whether Ase1p is the only target of Cdc48. Examining cells in which both Cdc48p and Ase1p have been mutationally inactivated should help address this issue. Once it is possible to establish specific substrate relationships, Cdc48 will be able to join the ranks of the cyclin-dependent kinases, the APC, and Ran as an important conserved regulator of spindle function.
